1. Introduction {#sec1}
===============

Owing to the increasing number of problems and challenges posed by environmental pollution, population growth, and exhaustion of fossil fuels, the effective use of renewable biomass as an alternative source to chemicals and fuels has attracted extensive attention in science and technology.^[@ref1]−[@ref5]^ Furfural, one of the most important biomass-derived chemicals, can be selectively catalyzed into several highly valued derivatives, such as furfuryl alcohol, furan, and 2-methylfuran, through hydrogenation, decarbonylation, and hydrodeoxygenation.^[@ref6]−[@ref10]^ For instance, 2-methylfuran, the half-hydrogenation product of furfural, has been considered as a better additive to gasoline. Therefore, the selective conversion of furfural to 2-methylfuran has become the subject of intensive scientific research.

Experimentally, furfural can be selectively converted into 2-methylfuran using both metal catalysts and transition-metal carbide catalysts. The metal catalysts that can catalyze the conversion of furfural to 2-methylfuran are mainly copper-based^[@ref11]−[@ref17]^ and ruthenium-based^[@ref18]−[@ref22]^ catalysts. Dong et al.^[@ref15]^ prepared an AE-Cu/SiO~2~ catalyst for furfural conversion and obtained a yield of 95.5% for 2-methylfuran. Wang et al. employed an Ru/NiFe~2~O~4~ catalyst to convert furfural into 2-methylfuran at 453 K and an N~2~ pressure of 2.1 MPa, and the results demonstrated a 2-methylfuran yield of 83%.^[@ref18]^ Apart from metal catalysts, transition-metal carbides, such as Mo~2~C,^[@ref23]−[@ref25]^ can also convert furfural into 2-methylfuran. Both Xiong et al.^[@ref25]^ and Lee et al.^[@ref23]^ investigated the hydrodeoxygenation of furfural using an Mo~2~C catalyst. They found that 2-methylfuran was the main product, with a selectivity of approximately 60%. In recent years, considerable research has been conducted on the conversion reaction of furfural over bimetallic catalysts owing to their high catalytic performance. NiCu catalysts,^[@ref26]−[@ref32]^ one of the non-noble bimetallic catalysts, have received considerable attention owing to their low cost. Lukes and Wilson^[@ref26]^ studied furfural conversion using bimetallic NiCu (Ni/Cu = 4:1) catalysts at 110 °C and found that 2-methylfuran exhibited a selectivity of up to 97%. Merat et al.^[@ref27]^ found that tetrahydrofurfuryl alcohol was the main product formed over the NiCu bimetallic catalyst (Ni/Cu = 1:1). Quite recently, Zhang et al.^[@ref31]^ investigated the furfural hydrodeoxygenation using a CuNi~2~Al catalyst and found that 2-methylfuran was the principal product.

Considerable research has been conducted on the catalytic conversion of furfural using different metal catalysts and transition-metal carbides in experiments; however, there are extremely few systematic studies on the mechanisms of furfural conversion in theory,^[@ref33]−[@ref35]^ particularly on bimetals.^[@ref36],[@ref37]^ Ren et al.^[@ref34]^ investigated the complete reaction mechanisms of furfural conversion to furan, tetrahydrofuran, furfuryl alcohol, tetrahydrofurfuryl alcohol, and 2-methylfuran and provided the optimal reaction path. In our previous study on Cu(111) surfaces,^[@ref33]^ the mechanisms of hydrodeoxygenation of furfural to 2-methylfuran was reported in detail, and the theoretical calculations perfectly explained the selective conversion of furfural to furfuryl alcohol and the equilibrium of furfural/furfuryl alcohol under hydrogen-rich conditions in the experiment. Quite recently, I investigated the detailed mechanism of decarbonylation of furfural mainly to furan on the NiCuCu(111) bimetallic surface,^[@ref36]^ and my results rationalized some experimental observations. In addition, Dong et al.^[@ref37]^ conducted hydrodeoxygenation and hydrogenation of furfural on an Re/Pt catalyst and found that the Re/Pt system exhibited a better catalytic performance during the hydrodeoxygenation than that of the monometallic Pt.

In this study, the PBE-D3 method including dispersion correction was used to investigate the reaction mechanism of selective hydrodeoxygenation of furfural to 2-methylfuran on the CuNiCu(111) bimetallic surface. Based on the calculated thermodynamic and kinetic results, the optimal reaction route and rate-controlling step were determined. These results provide a basis for studying the intrinsic catalytic activity of NiCu catalysts during the hydrodeoxygenation of refined oxygenated compounds involving biomass-derived oils.

2. Results and Discussion {#sec2}
=========================

2.1. Adsorption of Intermediates {#sec2.1}
--------------------------------

As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, there are four possible adsorption sites on the CuNiCu(111) surface: one top (T), one bridge (B), and two threefold (3F~1~ and 3F~2~) sites.

![Schematic of top and side views of the CuNiCu(111) surface, possible adsorption sites (T, B, and F denote top, bridge, and fold, respectively), and the adsorption configurations of surface intermediates \[H (white), C (gray), O (red), Ni (blue), and Cu (orange); F = 2-furanyl\].](ao0c01483_0001){#fig1}

### 2.1.1. Adsorption of Furfural, Furfuryl Alcohol, and 2-Methylfuran on the CuNiCu(111) Surface {#sec2.1.1}

The most stable adsorption configurations of furfural (F--CHO; F = 2-furanyl), including *trans* and *cis* configurations, furfuryl alcohol (F--CH~2~OH), and 2-methylfuran (F--CH~3~) on the CuNiCu(111) bimetallic surface were determined. The adsorption configurations are depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, and the structural properties are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Adsorption Energies (*E*~ads~; eV) and Bond Distances (Å) of *trans*-Furfural, *cis*-Furfural, Furfuryl Alcohol, and 2-Methylfuran[a](#t1fn1){ref-type="table-fn"}

  configuration      *E*~ads~                   *d*~Cu--O~
  ------------------ -------------------------- -------------------------
  *trans*-furfural   --0.79 (−0.91)^[@ref33]^   2.163 (2.161)^[@ref33]^
  *cis*-furfural     --0.76 (−0.88)^[@ref33]^   2.210 (2.259)^[@ref33]^
  furfuryl alcohol   --0.87 (−0.97)^[@ref33]^   2.370 (2.381)^[@ref33]^
  2-methylfuran      --0.79 (−0.92)^[@ref33]^    

Values provided in parentheses are the results of ref ([@ref33]).

In the most stable adsorption structures of furfural, the O atom of the −CHO group was connected to the surface Cu atom, and the Cu--O distances in *trans*- and *cis*-furfural configurations were 2.163 and 2.210 Å, respectively. From [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, it is evident that the adsorption configuration of furfural is in the η^1^(O) surface bonding mode. The adsorption energies of *trans*- and *cis*-furfural were −0.79 and −0.76 eV, respectively, which were slightly lower than those (−0.91 and −0.88 eV) obtained on the Cu(111) surface,^[@ref33]^ where furfural revealed the same η^1^(O) surface species. In addition, these results were significantly lower than those obtained on the NiCuCu(111) bimetallic surface (−1.88 and −1.78 eV),^[@ref31]^ where furfural exhibited bicoordinated η^2^(C=O) surface species.

Furthermore, the most stable adsorption configurations of furfuryl alcohol and 2-methylfuran were determined. It was observed that furfuryl alcohol was connected to the top site of the surface Cu atom via the O atom of the OH group, and the Cu--O distance was 2.370 Å. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the entire ring of furan was approximately parallel to and above the surface. The adsorption energy of furfuryl alcohol was −0.87 eV, which was slightly lower than that (−0.97 eV) obtained on the Cu(111) surface.^[@ref33]^ In 2-methylfuran, it was observed that the entire molecule did not interact directly with the surface, and the calculated adsorption energy was −0.79 eV, which was slightly lower than that (−0.92 eV) obtained on the Cu(111) surface.^[@ref33]^ Thus, the calculated results indicated that the adsorption energy of furfuryl alcohol was slightly higher than those of furfural and 2-methylfuran.

### 2.1.2. H~2~ Dissociative Adsorption {#sec2.1.2}

Because H~2~ was used in the hydrodeoxygenation of furfural, the dissociative adsorption of H~2~ on the CuNiCu(111) surface was calculated to directly compare the obtained data with those obtained on the Cu(111)^[@ref33],[@ref38],[@ref39]^ and NiCuCu(111)^[@ref36]^ surfaces. The adsorption configurations of H~2~ are depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, and its structural properties are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

![PES of H~2~ dissociative adsorption and H diffusion \[energy is in eV, H (white), Ni (blue), and Cu (orange)\].](ao0c01483_0002){#fig2}

###### H~2~ Dissociation Barrier (*E*~a~; eV), Energy (*E*~r~; eV), and Critical Bond Distances (Å) in the TS[a](#t2fn1){ref-type="table-fn"}

  *E*~a~             *E*~r~              *d*~H--H~           *d*~Cu--H~/*d*~Ni--H~
  ------------------ ------------------- ------------------- --------------------------
  0.47               --0.61              1.314               1.533, 1.575
  (0.59)^[@ref33]^   (−0.55)^[@ref33]^   (1.288)^[@ref33]^   (1.548, 1.562)^[@ref33]^
  (0.5)^[@ref38]^    (−0.2)^[@ref38]^    (1.1)^[@ref38]^      
  (0.54)^[@ref39]^   (−0.53)^[@ref39]^   (1.02)^[@ref39]^     
  (0.08)^[@ref36]^   (−1.05)^[@ref36]^   (1.156)^[@ref36]^   (1.490, 1.508)^[@ref36]^

Values provided in parentheses are the results of references.

The H~2~ molecule was adsorbed at the top site without any direct interaction with the surface, and the Cu--H distances were 3.069 and 3.018 Å, which were slightly higher than those (3.022 and 2.960 Å) obtained on the Cu(111) surface. The calculated adsorption energy was only −0.05 eV, which was approximately the same as that (−0.08 eV) obtained on the Cu(111) surface, whereas it was much lower than that (−0.61 eV) obtained on the NiCuCu(111) surface, where the H~2~ molecule interacted directly with the surface Ni atom. These results indicated that the adsorption of H~2~ on the CuNiCu(111) surface was nearly the same as that on the Cu(111) surface but different from that on the NiCuCu(111) surface.

Based on the initial state (IS) of H~2~ molecular adsorption, TS(H--H), where both H atoms were connected to a single surface Cu atom with Cu--H distances of 1.533 and 1.575 Å and a H--H breaking distance of 1.314 Å, was determined. In the final state (FS) of two coadsorbed H atoms sharing a surface Cu atom, one H atom was located at the 3F~1~ site with Cu--H distances of 1.735, 1.735, and 1.739 Å, and the other was located at the 3F~2~ site with Cu--H distances of 1.731, 1.733, and 1.735 Å. The calculated energy barrier and reaction energy were 0.47 and −0.61 eV, respectively, indicating that the H~2~ dissociation is favored thermodynamically. It was observed that the H~2~ dissociative adsorption on the CuNiCu(111) surface was slightly more favored as compared to that on the Cu(111) surface both thermodynamically (−0.61 vs −0.55,^[@ref33]^ −0.2,^[@ref38]^ and −0.53^[@ref39]^ eV) and kinetically (0.47 vs 0.59,^[@ref33]^ 0.5,^[@ref38]^ and 0.54^[@ref39]^ eV). However, as presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the H~2~ dissociation in this case was less favored than that on the NiCuCu(111) surface.^[@ref36]^

Furthermore, the diffusion ability of H~2~ from one 3F~2~ site to the adjacent 3F~1~ site was calculated. The energy barrier was only 0.14 eV, and the diffusion was nearly neutral with a reaction energy of 0.02 eV, indicating the high mobility of surface hydrogen atoms. These results are consistent with those obtained on Cu(111)^[@ref33]^ (0.08 and 0.01 eV, respectively) and NiCuCu(111)^[@ref36]^ (0.13 and 0.00 eV, respectively) surfaces. In the TS(H~3F2~--H~3F1~), the migrating H atom was located at the bridge site with a Cu--H distance of 1.657 Å. In addition, the calculated results indicated that the remote coadsorption of two H atoms located at two 3F~1~ sites was slightly more stable (by 0.03 eV) than that where both H atoms are located at neighboring 3F~1~ and 3F~2~ sites and share a single Cu atom. As shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the adsorption energy (related to the gas H atom) of the H atom located at the 3F~1~ site was slightly higher than that of the H atom located at the 3F~2~ site (−2.43 vs −2.41 eV), and these results were lower than those reported on Cu(111)^[@ref33],[@ref39]^ and NiCuCu(111)^[@ref36]^ surfaces.

###### Adsorption Energies (*E*~ads~; eV) and Bond Distances (Å) of the H Atom[a](#t3fn1){ref-type="table-fn"}

  *E*~ads~              *d*~Cu--H~/*d*~Ni--H~
  --------------------- ---------------------------------
  H at the 3F~1~ Site   
  --2.43                1.737, 1.737, 1.735
  (−2.55)^[@ref33]^     (1.743, 1.743, 1.752)^[@ref33]^
  (−2.55)^[@ref39]^     (1.75)^[@ref39]^
  (−3.25)^[@ref36]^     (1.693, 1.691, 1.691)^[@ref36]^
  H at the 3F~2~ Site   
  --2.41                1.737, 1.738, 1.740
  (−2.54)^[@ref33]^     (1.744, 1.746, 1.750)^[@ref33]^
  (−2.55)^[@ref39]^     (1.75)^[@ref39]^
  (−3.23)^[@ref36]^     (1.690, 1.691, 1.689)^[@ref36]^

Values provided in parentheses are the results of references.

### 2.1.3. H~2~O Dissociative Adsorption {#sec2.1.3}

Because H~2~O is the main product of furfural hydrodeoxygenation, dissociative adsorption of H~2~O on the CuNiCu(111) surface was calculated to directly compare the obtained data with those reported for the Cu(111) surface.^[@ref33]^ The adsorption configurations and their structural properties are provided in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, respectively.

![PES of H~2~O dissociative adsorption \[energy is in eV; H (white), O (red), Ni (blue), and Cu (orange)\].](ao0c01483_0003){#fig3}

###### H~2~O Stepwise Dissociation Barrier (*E*~a~; eV), Dissociation Energies (*E*~r~; eV), and Critical Bond Distance (Å) in the TS[a](#t4fn1){ref-type="table-fn"}

  *E*~a~             *E*~r~             *d*~O--H~           *d*~Cu--O~                        *d*~Cu--H~
  ------------------ ------------------ ------------------- --------------------------------- -------------------
  H~2~O = OH + H                                                                              
  1.39               --0.03             1.629               2.019                             1.922, 1.712
  (1.50)^[@ref33]^   (0.14)^[@ref33]^   (1.597)^[@ref33]^   (2.044)^[@ref33]^                 (1.679)^[@ref33]^
  OH = O + H                                                                                  
  1.58               0.51               1.551               1.946, 1.964, 2.004               1.769, 1.672
  (1.83)^[@ref33]^   (0.85)^[@ref33]^   (1.674)^[@ref33]^   (2.017, 1.933, 1.939)^[@ref33]^   (1.576)^[@ref33]^

Values in parentheses are the results of ref ([@ref33]).

In the most stable adsorption configuration of H~2~O parallel to the surface, the O atom was located at the top site with a Cu--O distance of 2.181 Å. The calculated adsorption energy was only −0.19 eV, which was slightly lower than that (−0.32 eV) obtained on the Cu(111) surface.^[@ref33]^ Starting from H~2~O molecular adsorption, its dissociation into OH and H was determined. The energy barrier and reaction energy were 1.39 and −0.03 eV, respectively. In the TS(HO--H), the OH group was located at the original top site with a Cu--O distance of 2.019 Å, the dissociating H atom bridged the neighboring Cu--Cu bond with Cu--H distances of 1.712 and 1.922 Å, and the O--H breaking distance was 1.629 Å. In the FS of OH and H dissociation, both the H atom and the OH group were located at two adjacent 3F~1~ sites sharing a single surface Cu atom. Such coadsorption of OH and H was less stable than the remote coadsorption by 0.11 eV, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

Based on the most stable remote coadsorption of OH and H, OH dissociation was determined. It exhibited an energy barrier of 1.58 eV, and the reaction was endothermic by 0.51 eV. This result indicated that the OH dissociation is not favored thermodynamically or kinetically. In TS(O--H), the dissociating H atom shifted to the neighboring bridge site with Cu--H distances of 1.672 and 1.769 Å, and the O--H breaking distance was 1.551 Å. In the FS of O and H dissociation, both H and O atoms were located at the neighboring 3F~1~ sites sharing a single surface Cu atom. Such coadsorption was less stable than the remote coadsorption by 0.16 eV.

As shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, the dissociation energy barrier of H~2~O and OH obtained on the CuNiCu(111) surface was slightly lower than that obtained on the Cu(111) surface,^[@ref33]^ indicating that the CuNiCu(111) surface had a better ability to dissociate H~2~O and OH than that of the Cu(111) surface.

2.2. Mechanisms of Furfural Hydrodeoxygenation {#sec2.2}
----------------------------------------------

Using the most stable adsorption structure of *trans*-F--CHO, the full potential energy surface (PES) of the hydrodeoxygenation of furfural into furfuryl alcohol and 2-methylfuran was determined; the reaction energy and energy barrier were calculated based on the stable species without any direct coadsorption interactions.

### 2.2.1. --CH=O Hydrogenation Against Dissociation {#sec2.2.1}

Based on the coadsorbed configuration of furfural and one H atom, five possible reaction routes could be considered: the selective hydrogenation of the −CH=O group, that is, (a) the H atom is added to the C atom of C=O (**R1**, F--CHO + H = F--CH~2~O), (b) the H atom is added to the O atom of C=O (**R2**, F--CHO + H = F--CHOH) and the parallel and competitive dissociation of the −CH=O group, that is, (*c*) direct dissociation of C=O (**R3**, F--CHO + H = F--CH + O + H), (d) direct dissociation of C--H (**R4**, F--CHO + H = F--CO+2H), and (e) direct dissociation of −CHO (**R5**, F--CHO + H = F + CHO + H). The optimized geometries of the IS, TS, and FS and the calculated *E*~a~ and *E*~r~ are provided in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Top and side views of the optimized geometries for the reaction routes **R1**--**R5** (H (white), C (gray), O (red), Ni (blue), and Cu (orange); F = 2-furanyl).](ao0c01483_0004){#fig4}

In **R1**, the intermediate, F--CH~2~O, was formed by the hydrogenation of the branched C atom of F--CHO. In the coadsorbed furfural and H (**IS1**), furfural was connected to the surface via the O atom of C=O with a Cu--O distance of 2.115 Å, and the H atom was located at the 3F~1~ site with Cu--H distances of 1.733, 1.750, and 1.726 Å. In **TS1**, the H atom shifted to the top site, and the Cu--H distance and C--H forming distance were 1.622 and 1.717 Å, respectively. In **FS1**, the F--CH~2~O intermediate was connected to the surface through the branched O atom located at the 3F~2~ site, and the Cu--O distances were 2.116, 2.025, and 2.027 Å. The calculated energy barrier and reaction energy were 0.82 and −0.34 eV, respectively. In **R2**, the intermediate, F--CHOH, was formed by the hydrogenation of the O atom of C=O. In **TS2**, the H atom shifted to the bridge site from the original 3F~2~ site; the Cu--H distances were 1.861 and 1.889 Å, and the O--H forming distance was 1.345 Å. In **FS2**, the branched C atom was located at the top site with a Cu--C distance of 2.117 Å. The calculated energy barrier was 0.92 eV, and the reaction was endothermic by 0.18 eV. These results indicated that the formation of F--CH~2~O was more favorable than that of F--CHOH both thermodynamically (−0.34 vs 0.18 eV) and kinetically (0.82 vs 0.92 eV).

The competitively parallel reactions of −HC=O hydrogenation are C=O, C--H, and −CHO dissociations. In **R3**, TS of C=O direct dissociation was determined; here, the C--O breaking distance was 1.949 Å, and the O atom shifted to the neighboring 3F~1~ site with Cu--O distances of 2.539, 2.085, and 1.961 Å. The energy barrier was as high as 2.08 eV, and the reaction energy was 0.67 eV. In **R4**, the dissociation of F--CHO into F--CO and H was examined. In **TS4**, the dissociating H atom contacted the surface Cu atom, and the Cu--H distance and C--H breaking distance were 1.589 and 1.612 Å, respectively. The energy barrier and reaction energy were 1.28 and 0.54 eV, respectively. However, the calculated energy barrier of −CHO direct dissociation was up to 2.10 eV, and the reaction energy was 1.12 eV. Thus, it was evident that the formation of F--CH~2~O from the hydrogenation of C of the C=O group exhibited the lowest barrier and was most favored in kinetics, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Therefore, the coadsorbed configuration of F--CH~2~O and H was used to discuss the formation of furfuryl alcohol.

### 2.2.2. Furfuryl Alcohol Formation {#sec2.2.2}

Based on the coadsorbed structure of F--CH~2~O and H, two parallel and competitive reaction routes could be considered: the hydrogenation of F--CH~2~O, resulting in F--CH~2~OH (**R6**, F--CH~2~O + H = F--CH~2~OH), and the dissociation of F--CH~2~O, resulting in F--CH~2~ and O (**R7**, F--CH~2~O + H = F--CH~2~ + O + H). The optimized structures of the adsorbed intermediates are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![Top and side views of the optimized geometries for the reaction routes **R6**--**R11** \[H (white), C (gray), O (red), Ni (blue), and Cu (orange); F = 2-furanyl\].](ao0c01483_0005){#fig5}

Based on the most stable adsorbed configuration of F--CH~2~O, the coadsorption of F--CH~2~O and H was determined; here, the H atom was located at the 3F~1~ site with Cu--H distances of 1.673, 1.733, and 1.800 Å. In **TS6**, both the H and O atoms shifted to the bridge sites away from their original 3F~1~ sites, and the O--H forming distance was 1.428 Å. The calculated energy barrier was 1.14 eV, and the reaction was slightly exothermic by 0.08 eV. Based on the coadsorption of F--CH~2~O and H, **TS7** and **FS7** of the decomposition of F--CH~2~O to F--CH~2~ and O were determined. In **TS7**, the calculated C--O breaking distance was 2.116 Å. In **FS7**, the dissociated O atom was located at the 3F~1~ site, and the Cu--O distances were 1.903, 1.898, and 1.909 Å. The F--CH~2~ group was connected to the surface though the branched C atom with a Cu--C distance of 2.085 Å. The energy barrier and reaction energy were 1.24 and 0.29 eV, respectively. This indicated that the hydrogenation of F--CH~2~O was more favorable than the dissociation of F--CH~2~O both kinetically (1.14 vs 1.24 eV) and thermodynamically (−0.08 vs 0.29 eV).

### 2.2.3. 2-Methylfuran Formation {#sec2.2.3}

Based on the most stable adsorbed configuration of F--CH~2~OH, its dehydroxylation reaction (**R8**, F--CH~2~OH = F--CH~2~ + OH) was determined. In **TS8**, the dissociating OH group bridged the Cu--Cu bond with Cu--O distances of 2.045 and 2.087 Å, and the C--O breaking distance was 2.112 Å. In **FS8**, the dissociated OH group was located vertically at the 3F~1~ site with Cu--O distances of 2.055, 2.012, and 2.049 Å, and the F--CH~2~ group was located at the top site with a Cu--C distance of 2.085 Å. The dehydroxylation of F--CH~2~OH exhibited an energy barrier of 1.13 eV, and this reaction was exothermic by 0.13 eV.

Based on the coadsorption of F--CH~2~, OH, and H, two competitively parallel reaction routes were determined: (a) the hydrogenation of F--CH~2~, resulting in F--CH~3~ (**R9**, F--CH~2~ + OH + H = F--CH~3~ + OH) and (b) the hydrogenation of OH, resulting in H~2~O (**R10**, F--CH~2~ + OH + H = F--CH~2~ + H~2~O). In **TS9**, the H atom shifted to the bridge site from the original 3F~1~ site, and the Cu--H distances were 1.871 and 1.643 Å. The calculated C--H forming distance was 1.767 Å. The energy barrier was 0.74 eV, and the reaction was exothermic by 0.55 eV. In the competitive pathway (**R10**), an H atom was added to the OH group, resulting in the formation of H~2~O. In **TS10**, the OH group and H atom were located at the top and bridge sites, respectively, and the calculated O--H forming distance was 1.642 Å. The formation of H~2~O exhibited an energy barrier of 1.27 eV, and the reaction was exothermic by 0.12 eV. The H~2~O formation was unfavorable as compared to the F--CH~3~ formation both thermodynamically (−0.55 vs −0.12 eV) and kinetically (0.74 vs 1.27 eV). The last step of the entire reaction was the formation of H~2~O (**R11**, F--CH~3~ + OH + H = F--CH~3~ + H~2~O) from the coadsorbed structure of F--CH~3~, OH, and H. In **TS11**, the O--H forming distance was 1.635 Å. The formation of H~2~O exhibited an energy barrier of 1.22 eV, and the reaction was exothermic by 0.18 eV. These results are close to the data (1.42 and 0.03 eV) obtained on a clean CuNiCu(111) surface, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, and it was concluded that the formation of F--CH~3~ was more favorable than that of H~2~O both thermodynamically and kinetically.

### 2.2.4. Potential Energy Surface {#sec2.2.4}

According to the aforementioned discussion, the full PES of selective hydrodeoxygenation of furfural on the CuNiCu(111) surface was plotted, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, based on a step-by-step comparison of general comparisons; that is, by searching for all the possible reaction paths for a given adsorbed species obtained from the previous step and only continuing the paths with the lowest energy barriers by discarding those with significantly higher barriers.

![PESs (in eV) for conversion of *trans*-furfural to 2-methylfuran (F represents the furan ring).](ao0c01483_0006){#fig6}

From the first reaction step of furfural conversion shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, it could be clearly concluded that the hydrogenation of the C atom, resulting in the F--CH~2~O intermediate, exhibited the lowest energy barrier (0.82 vs 0.92, 1.28, 2.08, and 2.10 eV), and the reaction was exothermic (−0.34 vs 0.18, 0.54, 0.67, and 1.12 eV). Therefore, it was the most favorable path. In the second step, the formation of F--CH~2~OH from the coadsorbed configuration of F--CH~2~O and H exhibited an energy barrier of 1.14 eV, and the reaction was slightly exothermic by 0.08 eV. In the third step, F--CH~2~OH was first decomposed into F--CH~2~ and OH, and then, F--CH~2~ was hydrogenated to form F--CH~3~. The energy barriers of the dehydroxylation of F--CH~2~OH and the hydrogenation of F--CH~2~ were 1.13 and 0.74 eV, respectively, and their reaction energies were −0.13 and −0.55 eV, respectively. In the final step of the entire reaction, H~2~O was formed from the surface OH species; this reaction exhibited an energy barrier of 1.22 eV, and it was exothermic by 0.18 eV. Generally, the hydrogenation of furfural to 2-methylfuran is exothermic by 2.47 eV. Moreover, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the thermodynamic (−0.08 vs −0.13 eV) and kinetic (1.14 vs 1.13 eV) parameters of formation and dehydroxylation of F--CH~2~OH were comparable, and it could be inferred that the yields of F--CH~2~OH and 2-methylfuran would be approximately equal; however, the final product was 2-methylfuran.

Based on the aforementioned results, the rate constant was calculated and the rate-controlling step in the entire reaction was discussed. The rate constants (*k*) were calculated according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} based on the TS theory,^[@ref40],[@ref41]^ which was used in our previous reports.^[@ref36],[@ref42]^ In [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *k*~B~, *T*, *h*, and *E*~a~ represent the Boltzmann constant, temperature of the reaction in Kelvin, Planck constant, and activation energy, respectively; *q*~TS,vib~ and *q*~IS,vib~ are the harmonic vibrational partition functions of the TS and IS, respectively; *q*~vib~ is calculated according to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, where ν~*i*~ is the vibrational frequency of each vibrational mode of the adsorbed intermediate calculated using the density functional theory (DFT). The calculated reaction energy, energy barrier, and the rate constant of 2-methylfuran formation are listed in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}.

###### Energy Barrier (*E*~a~; eV), Reaction Energy (*E*~r~; eV), and Rate Constant (*k*) at 383, 403, 423, 483, and 503 K of 2-Methylfuran Formation on the CuNiCu(111) Surface

  reaction                               *E*~a~   *E*~r~   *k* (383 K)       *k* (403 K)       *k* (423 K)       *k* (483 K)      *k* (503 K)
  -------------------------------------- -------- -------- ----------------- ----------------- ----------------- ---------------- ----------------
  F--CHO + H = F--CH~2~O                 0.82     --0.34   9.40 × 10^1^      3.39 × 10^2^      1.09 × 10^3^      2.03 × 10^4^     4.63 × 10^4^
  F--CHO + H = F--CHOH                   0.92     0.18     5.90 × 10^0^      2.48 × 10^1^      9.09 × 10^1^      2.39 × 10^3^     5.99 × 10^3^
  F--CHO + H = F--CO + 2H                1.28     0.54     1.08 × 10^--4^    7.77 × 10^--4^    4.66 × 10^--3^    4.17 × 10^--1^   1.48 × 10^0^
  F--CHO + H = F--CH + O + H             2.08     0.67     1.85 × 10^--15^   4.45 × 10^--14^   1.38 × 10^--12^   1.08 × 10^--9^   8.24 × 10^--9^
  F--CHO + H = F + CHO + H               2.10     1.12     2.31 × 10^--15^   5.72 × 10^--14^   1.05 × 10^--12^   1.53 × 10^--9^   1.19 × 10^--8^
  F--CH~2~O + H = F--CH~2~OH             1.14     --0.08   1.12 × 10^--2^    6.53 × 10^--2^    3.24 × 10^--1^    1.80 × 10^1^     5.56 × 10^1^
  F--CH~2~OH = F--CH~2~ + OH             1.13     --0.13   9.07 × 10^--3^    5.22 × 10^--2^    2.55 × 10^--1^    1.37 × 10^1^     4.20 × 10^1^
  F--CH~2~ + OH + H = F--CH~3~ + OH      0.74     --0.55   1.83 × 10^3^      5.95 × 10^3^      1.71 × 10^4^      2.43 × 10^5^     5.14 × 10^5^
  F--CH~3~ + OH + H = F--CH~3~ + H~2~O   1.22     --0.18   6.22 × 10^--4^    4.10 × 10^--3^    2.27 × 10^--2^    1.65 × 10^0^     5.52 × 10^0^
  2OH = H~2~O + O                        0.29     0.01     5.87 × 10^8^      9.55 × 10^8^      1.49 × 10^9^      4.57 × 10^9^     6.27 × 10^9^

For the formation of F--CH~2~OH resulting from the hydrogenation of the C atom first (F--CHO + H = F--CH~2~O) and then the O atom (F--CH~2~O + H = F--CH~2~OH), the hydrogenation of F--CH~2~O, resulting in F--CH~2~OH with a higher energy barrier (1.14 eV), was the rate-controlling step, and the calculated rate constants were in agreement with the calculated barriers; the rate constant of F--CH~2~O formation was 1.13 × 10^3^ times that of F--CH~2~OH formation (2.03 × 10^4^ vs 1.80 × 10^1^ at 483 K). For the formation of F--CH~3~ resulting from the dehydroxylation of F--CH~2~OH and hydrogenation of F--CH~2~, the F--CH~2~OH dehydroxylation with a higher energy barrier (1.13 vs 0.74 eV) determined the reaction rate. The rate constants of decomposition of F--CH~2~OH to F--CH~2~ and OH and addition of H atom to F--CH~2~, resulting in the formation of F--CH~3~, were 1.37 × 10^1^ and 2.43 × 10^5^, respectively, at 483 K, and the F--CH~2~OH dissociation was 1.77 × 10^4^ times slower than the F--CH~2~ hydrogenation. Considering the entire reaction, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, it was concluded that the H~2~O formation exhibited the highest energy barrier (1.22 eV) and should be the rate-controlling step. As shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, the rate constant of H~2~O formation at 483 K was the lowest (1.65 × 10^0^ vs 2.03 × 10^4^, 1.80 × 10^1^, 1.37 × 10^1^, and 2.43 × 10^5^) in the entire reaction of conversion of furfural to 2-methylfuran. In addition, [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} lists the rate constants obtained at other temperatures, and the results are consistent with those obtained at 483 K, further confirming the rate-controlling step of the studied reaction pathway of 2-methylfuran formation. As shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, the reaction rate increases with the increasing temperature.

Because the formation of H~2~O from OH and H with the highest energy barrier was the rate-controlling step, the possible OH disproportionation (2OH = H~2~O + O) was investigated ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), as studied in our previous study.^[@ref33]^ Based on the coadsorbed structure of two OH groups located at adjacent 3F~1~ sites, TS(OH--OH) and FS(H~2~O + O) were determined. In TS(OH--OH), one OH group was still located at the 3F~1~ site and the other OH group shifted to the top site with a Cu--O distance of 1.939 Å; the O--H breaking and forming distances were 1.053 and 1.492 Å, respectively. In the FS of H~2~O and O, the formed H~2~O was adsorbed at the top site and the O atom was located at the original 3F~1~ site. The calculated energy barrier and reaction energy of OH disproportionation were 0.29 and 0.01 eV, respectively. Therefore, based on the extremely low energy barrier of OH disproportionation, it could be concluded that the accumulation of OH on the CuNiCu(111) surface was unlikely; this is the same as that on the Cu(111) surface.^[@ref33]^

![Top and side views of the optimized geometries for the disproportionation of OH \[Cu (orange), Ni (blue), H (white), and O (red)\].](ao0c01483_0007){#fig7}

Furthermore, it is quite interesting to compare my results with those obtained on the Cu(111)^[@ref33]^ and NiCuCu(111) bimetallic surfaces.^[@ref36]^ On Cu(111) and CuNiCu(111) surfaces, furfural exhibited a weak η^1^(O) surface bonding, where furfural was connected to the surface Cu atom via the branched oxygen atom. On the NiCuCu(111) bimetallic surface, furfural exhibited a η^2^(C=O) surface bonding, where furfural was connected to the surface via both the branched C=O group and the furan ring, and the entire molecule was approximately parallel to the surface. The calculated adsorption energies of *trans*- and *cis*-F--CHO obtained on the CuNiCu(111) surface are close to those (−0.79 and −0.76 vs −0.91 and −0.88 eV, respectively) obtained on the Cu(111) surface and much lower than those (−0.79 and −0.76 vs −1.88 and −1.78 eV, respectively) obtained on the NiCuCu(111) surface. As expected, the adsorption configuration of furfural on Cu(111) and CuNiCu(111) surfaces was different from that on the NiCuCu(111) surface because the d-band of Cu was filled, whereas that of Ni was unfilled, and this facilitated the transfer of electrons from Cu to Ni.

Different reaction mechanisms could be observed on these surfaces owing to different adsorption structures. On Cu(111) and CuNiCu(111) surfaces, the hydrogenation of furfural into an F--CH~2~O intermediate was the most favorable step for the first reaction route, and subsequently, F--CH~2~O was hydrogenated to form F--CH~2~OH. In the subsequent reaction, F--CH~2~OH was decomposed into F--CH~2~ first, and then, F--CH~2~ was hydrogenated, resulting in the formation of F--CH~3~. On the NiCuCu(111) surface, the most favorable step for the first reaction route was dehydrogenation of F--CHO, resulting in F--CO; the subsequent reaction was the decarbonylation of F--CO, and ultimately, the main product, furan, was formed from the hydrogenation of furan-free radical.

Based on the aforementioned discussion, it can be concluded that 2-methylfuran was the final product of furfural hydrodeoxygenation on the CuNiCu(111) surface, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The formation of 2-methylfuran was exothermic by up to 2.47 eV, suggesting that this process is favorable thermodynamically. The calculated result was consistent with the experimental research,^[@ref31]^ where Zhang et al. found that the principal product of furfural hydrodeoxygenation was 2-methylfuran using the CuNi~2~Al catalyst. In my previous study on NiCuCu(111),^[@ref36]^ furan was the principal product of furfural decarbonylation; this agreed well with the experimental observation. All these results further confirmed that the activity and selectivity of the same catalyst are different under different experimental conditions.

3. Conclusions {#sec3}
==============

In this study, the full PES of hydrodeoxygenation of furfural to 2-methylfuran on the CuNiCu(111) surface was investigated using periodic DFT, including the latest dispersion correction (PBE-D3). My goal was to elucidate the complete reaction mechanism of furfural hydrodeoxygenation using different methods employed for constructing monolayer bimetallic surfaces. The results provide a basis for studying the intrinsic activity of NiCu catalysts during the hydrodeoxygenation of refined oxygenated compounds involving biomass-derived oils. Based on the comparison of the reaction mechanism of furfural conversion on the Cu(111), NiCuCu(111), and CuNiCu(111) surfaces, it can be concluded that the inherent difference in catalyst selectivity is mainly due to the different adsorption structures of furfural.

Based on the detailed comparisons, it was found that the formation of the F--CH~2~O intermediate resulting from the addition of hydrogen to the C atom of the C=O group (F--CHO + H = F--CH~2~O) was the most kinetically favored process for the first reaction route of furfural hydrodeoxygenation, and the hydrogenation of F--CH~2~O, resulting in the formation of furfuryl alcohol (F--CH~2~O + H = F--CH~2~OH), was the rate-controlling step. For the formation of 2-methylfuran from the furfuryl alcohol dehydroxylation (F--CH~2~OH = F--CH~2~ + OH) and subsequent hydrogenation (F--CH~2~ + OH + H = F--CH~3~ + OH), the formation of H~2~O from the surface OH group and H atom (OH + H = H~2~O) was the rate-controlling step. For the entire reaction of 2-methylfuran formation, the hydrogenation of OH, resulting in H~2~O, was determined as the rate-controlling step. In addition, the calculated rate constants confirmed the rate-controlling step of the studied reaction pathway of 2-methylfuran formation.

Finally, it is worth noting that the calculated results may not always agree well with all the experimental results, where NiCu bimetallic catalysts are employed. This is because there are several factors that can affect the selectivity and activity of catalysts in experiments: the composition, structure, preparation method, promoter, and support of the catalyst. In particular, changes in realistic reaction conditions, such as the hydrogen pressures and experimental temperatures, can also lead to different reaction kinetics and products. In addition, there are several other methods of constructing monolayer bimetallic surfaces; in this study and that on NiCuCu(111), only two of the methods were selected to study the hydrodeoxygenation of furfural. Therefore, it would be quite interesting to investigate other methods of constructing NiCu bimetallic surfaces to investigate furfural conversion reactions.

4. Computational Method and Model {#sec4}
=================================

4.1. Method {#sec4.1}
-----------

All the periodic DFT calculations were performed using the Vienna Ab Initio Simulation Package (VASP, version 5.3.5),^[@ref43],[@ref44]^ where the ionic cores were described by the projector augmented wave method.^[@ref45],[@ref46]^ The exchange--correlation energies were calculated using the Perdew, Burke, and Ernzerhof functional along with the latest long-range dispersion correction (PBE-D3).^[@ref47]−[@ref49]^ To ensure accurate energies with errors less than 1 meV per atom, a cutoff energy of 400 eV and the Gaussian electron smearing method with σ = 0.10 eV were used. Geometry optimization was converged when the changes in the forces were lower than 0.02 eV/Å, and the energy threshold defining the self-consistency of the electron density was set to 10^--4^ eV. The calculations were performed using spin polarization. The climbing image nudged elastic band method^[@ref50]^ was used to locate all the TS structures. For each optimized stationary point, vibrational frequencies were evaluated at the same level of theory to determine the minimum and transition states (TSs). For the bulk optimization of the face-centered cubic Cu unit cell, the lattice parameter was determined using a 15 × 15 × 15 Monkhorst--Pack *k*-point grid^[@ref51]^ for sampling the Brillouin zone. The calculated lattice parameter of the Cu unit cell was 3.561 Å, which agreed well with the experimental result (3.614 Å)^[@ref52]^ and other theoretical data.^[@ref53],[@ref54]^

4.2. Model {#sec4.2}
----------

It was found that, depending on the deposition temperature and reaction condition, the bimetallic surface can possess one of the three following structures: a surface monolayer formed by the occupation of the uppermost surface sites, an underground monolayer formed as a result of the diffusion into the underground area, and intermixed bimetallic surfaces formed as a result of alloying with the surface.^[@ref55]^ In a previous study, Jiang et al.^[@ref56]^ developed the PtCoPt(111) bimetallic surface by replacing all the Pt atoms in the second layer of Pt(111) to study the furfural conversion. In our previous study,^[@ref33]^ the most stable Cu(111) surface, with a *p*(5 × 5)-3L supercell, where the first layer was relaxed and the bottom two layers were fixed, was selected to investigate the selective hydrogenation of furfural to 2-methylfuran. Quite recently, the bimetallic NiCuCu(111) was modeled by replacing all the uppermost atoms of the Cu(111) surface to investigate the conversion of furfural to furan.^[@ref36]^ In this study, the CuNiCu(111) bimetallic surface was modified by replacing all the Cu atoms in the second layer with Ni atoms; this is in good agreement with the previous investigation.^[@ref56]^

The Monkhorst--Pack *k*-point mesh of 3 × 3 × 1 was applied to perform the surface structural relaxation and calculate the total surface energy. The structures and total energies of the related gas-phase species were calculated using a cubic box with a side length of 15 Å.

The adsorption energy (*E*~ads~) was calculated by subtracting the energies of the gas-phase species (X) and the clean surface (slab) from the total energy of the adsorbed system:^[@ref51]^*E*~ads~ = *E*~X/slab~ -- *E*~slab~ -- *E*~X~; a more negative *E*~ads~ indicates a stronger and more stable adsorption. The activation energy barrier (*E*~a~) and heat of reaction (*E*~r~) were defined using the following equations: *E*~a~ = *E*~TS~ -- *E*~IS~ and *E*~r~ = *E*~FS~ -- *E*~IS~, where *E*~IS~, *E*~TS~, and *E*~FS~ are the energies of IS, TS, and FS, respectively.^[@ref33],[@ref36],[@ref42]^
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